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Abstract- The sensitivity of an electromagnetic field sensor 
which uses a LiNb03 electrooptical crystal and an optical-fiber 
link is improved by employing a Mach-Zehnder interferom­
eter, whose half-wave voltage is about 4 V at 1.3-µm wave­
length, and a YAG laser pumped by a laser diode whose output 
power is 25 mW. The resulting frequency response is almost flat 
from 100 Hz to 300 MHz, and the minimum detectable electric 
field strengths are 0.22 mV /m at 50 MHz and 0.079 mV /m at 
750 MHz. The variation of the sensitivity with the frequency 
. and element length are analyzed using the moment method, 
and the calculated results agree with the measured results. The 
· measurement of the cross-polarization of the sensor indicates that
this property is similar to that of a dipole antenna. The improved
sensor can measure an electromagnetic impulse whose peak value
is larger than 10 V /m and whose width is wider than 5 ns.
I. INTRODUCTION
· RECENT progress in electromagnetic compatibility (EMC)has created a need for a small wide-band electric field 
sensor for application in the electromagnetic interference 
· (EMI) testing and design of information technology equipment
as well as in the testing of EMI measurement facilities and the 
measurement of electromagnetic pulses. A serious problem 
for such sensors is the influence of the coaxial cable which 
· connects the sensor to the level meter. Sensors which use
resistive lines or an optical fiberin place of the coaxial cable 
have been developed to solve this problem.·
The sensor that uses resistive lines, detects an electric field
by means of a diode inserted between the dipole elements, and 
transmits the detected DC level to a voltmeter over the resistive 
lines. The sensor is so stable that it has been developed for 
use as a standard electric field sensor [1 ], [2]. However, it 
has the fundamental problem that it cannot measure, frequency 
and phase information. 
Therefore, sensors using an optical fiber have ,been devel­
oped. These sensors can be classified into two types: sensors 
that convert an electric-field strength to an optical signal by 
means of a laser diode or a light emitting diode [3]-[6] and 
those that convert an electric field strength to an optical signal 
by means of an optical modulator using electro-optical crystals
such as LiNb03, LiTa03 [7]-[10]. 
The sensors using a laser diode have the advantage of
increased sensitivity because of signal amplification in the 
sensor [6], but they also have the disadvantage of limited 
operation time due to battery capacity. 
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The sensors that uses electrooptical crystals have the fol­
lowing superior points: the influence on electromagnetic fields 
is reduced because most of the sensor materials are non­
metallic, the operating time of the sensor is not limited, 
and the operating frequency bandwidth is very wide. Various 
sensors using bulk crystals, such as a 14-cm dipole electric 
filed probe [7] and an isotropic electric-field meter [8], have 
been proposed [7]-[9]. An electric field sensors using a 
Mach-Zehnder interferometer have been studied as a mean 
of increasing sensitivity [10], [11 ], but their sensitivity still 
needs to be improved because the minimum field strength that 
can be detected is only about 1.4 mV /m [10]. Furthermore, 
the frequency response of the sensor has not been clarified. 
This paper describes a wide-band electric filed sensor, 
whose sensitivity is improved by using a low driving voltage 
optical modulator and a high-power light source. The sensor 
operates at 1.3-µm wavelength; a wavelength for which many 
optical components are being developed for telecommunica­
tion systems. 
The sensitivity and frequency response are measured using 
a TEM cell. The sensitivity dependence on the frequency 
and on the element length of the sensor are analyzed using 
the moment method, and the results are compared with the 
measured values. The impulse response is also investigated by 
means of the TEM cell. 
IL CONFIGURATION 
The configuration of the sensor is illustrated in Fig. 1. Two 
metal rods are aligned, and they are separated by a small gap in 
which an optical modulator is located. When ap electric field 
is �pplied to the metal rods, a voltage is induced across the 
gap. The optical modulator converts this voltage to an optical 
signal, and the electric field strength is obtained to measure 
this optical signal level by the photodetector. 
Most of the sensor materials are nonmetallic to minimize the 
disturbance of the electric field. Metal-rod elements 50 mm 
long and 4 mm in diameter are connected to each electrode 
of the optical modulator, and the overall length of the sensor 
elements including the width of the modulator is 140 mm. 
A 30 m-long polarization maintaining fiber connects the 
sensor to the optical source, and a 30-m-long single-mode fiber 
connects the sensor to the photodetector. This photodetector 
is a Ge avalanche photodiode (APD) operated by a constant 
voltage drive so as not to saturate the output voltage when 
the optical input power is high. The APD operation voltage is 
38 V DC, the optical power input to the modulator is 11 dBm, 
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Fig. 1. Configuration of the proposed electric fielcl sensor. 
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Fig. 2. Equivalent circuit of the sensor. 
and the maximum optical power input to the photodetector is 
2 dBm. 
III. IMPROVEMENT OF SENSffiVITY
The electric field sensor shown in Fig. 1 can be represented 
by the equivalent circuit shown in Fig. 2, where Cm is · 
the input impedance of the optical modulator, Za is the · 
driving point impedance of the dipole element formed by 
the pair of metal rods [12], he is the effective length of the 
dipole element [12], and Lm is the inductance caused by the 
contact lead between the metal rods and the electrodes of 
the modulator. The input impedance Cm is usually represented 
by a capacitance because the terminal of the optical modulator 
is insulated. Using this equivalent circuit, the voltage applied 
to the optical modulator v;, is given by 
where E is the electric field strength and w is the angular 
frequency. 
When a Mach-Zehnder optical modulator is used, the 
relation between the voltage. applied to the optical modulator 
and the output voltage at the photodetector Vr is given by [13] 
V.. =Gp* Pin * (1 + cos('rrVc/V,.. + ¢))/2 (2) 
where Pin is the optical input power of the modulator, Gp,
is a conversion factor that includes the efficiency of the'. 
photodetector, the insertion loss of the optical modulator and: 
the optical fiber loss, ¢ is an optical bias angle caused the\ 
intrinsic phase difference between the interferometer arms, and t 
V,.. is the half-wave voltage of the optical modulator. 
Substituting (1) into (2), the relation between the electric\ 
field strength and the output voltage is given by 
V.. =Gp* Pin 
* (1 + cos(1r * (E * he/(1 + wCm(jZa - wLm)))
+ v,.. + ¢))/2.
Equation (3) shows that a powerful optical source and . 
low halfwave voltage optical modulator effectively improve: 
sensitivity. Therefore, this sensor uses a wide-band and low-· 
driving power optical modulator whose half-wave voltage is 
about 4 V at 1.3 µm wavelength [13]. This modulator is a
Mach-Zehnder interferometer formed from a-7- by 0.7-µm
waveguide on .a 10 mm by 40 mm Z-cut LiNb03 substrate. 
The electrode length is 27 mm and the gap width is 15 µm.
This sensor also uses a high power Nd:YAG laser pumped by 
a laser diode as a light source. The output power of the laser is · 
25 mW and the oscillation wavelength is 1.3 µm. The optical, 
power is 11 dBm at the modulator is obtained. 
If the RF voltage Ve is small, the optical power is the •· .. 
maximum at an optical bias angle of 0° , but the RF signal 
at the fundamental frequency is zero in this bias. The bias 
angle should therefore be tuned to 90° to get the best signal 
response. It is difficult to tune the optical bias during the . 
process of forming interferometer, so the interferometer whose 
optical bias �n_gle is nearly 90° is selected from the formed•. 
several interferometers. Certainly the V,.. for the modulator 
changes between the TE and TM mode of the propagation•• 
in the waveguide. A 1 kHz and 15 V peak-to-peak triangular· 
wave was applied between the metal rods, and the polarization 
compensator was tuned to get a low half-wave voltage and the 1 
best signal response. 
IV. FREQUENCY RESPONSE AND SENSffiVlTY
The frequency response and sensitivity of this sensor were 
measured by using a 900 mm by 300 mm by 300 mm trans- • 
verse electromagnetic (TEM) cell whose bandwidth was tuned .. 
to 800 MHz by absorbers. A signal from 35 to -100 dBm . 
was supplied to the TEM cell, and its power was measured 
by a power meter or level meter connected to the output 
terminal of the celL An electric field of from 7.9 x 101 V /m 
to 1.4 x 10-5 V /m was generated in the TEM cell, and the 
output level of the photodetector was measured by a level 
meter whose bandwidth was 7.5 kHz. 
The relation between the optical input power of the sensor 
and output level of the photodetector is shown in Fig. 3, 
where the output levels of the photodetector are normalized .. 
by the maximum value. The optical input power is tuned 
by an optical attenuator, and at frequency of 50 MHz and 
field strength of 0.64 V /m are. selected for the experimental 
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Fig. 4. Sensitivity of the sensor. 
0 
conditions. The measured results show that the output voltage 
increases proportionally with the optical power. This means 
that a !J.igh-power optical source improves the sensitivity of 
the sensor. 
The sensitivity of the sensor is shown in Fig. 4. The applied 
electric field strength was calculated from the output level 
and the dimensions of the TEM cell, and the output voltage 
of the photodetector was measured with a level meter at 
50 MHz and at 750 MHz. The 50 MHz frequency was selected 
because its response is flat, and the 750 MHz frequency was 
selected because the sensor exhibits maximum sensitivity at 
this frequency. The bandwidth of the level meter was set to 
1 kHz. As shown in Fig. 4, the sensor exhibits an ideal linear 
response from 3.2 x 10-4 V /m up to 3.2 x 101 V /m, and it has 
a dynamic range of 100 dB. Furthermore, for the data plotted 
in Fig. 4, the relation between output voltage and electric field 
strength can be written as 
Vr(V) = A1 x E(V /m) (4) 
where A1 is a transfer coefficient. Values for Ai of 4.5 x 
10-4 (V /(V /m)) at 50 MHz and 3.2 x 10-3 (V /(V /m)) at
750 MHz are obtained from Fig. 4. Since the noise level of
the photodetector is 1.0 x 10-7 V at 50 MHz and 2.5 x 10-7 V
at 750 MHz, the minimum field strength that can be detected is
30 .--�������������-:-:----, 
'iii Element length : 140mm Lm
=41nH 
,:g Optical input : 1 ldBm > >- 20 APD bias : 38V 750MHz +> 
·;; ·;;'iii 
·� 10 • Measured-Theory 1/) 
Q) > ·;;
� 0 •• •• 
10 l__�.L.__�....L-�___L_�__.L...,.---L-:-�L--;:-�"":-;:' 102 103 104 105 106 107 108 109 
Frequency(Hz) 
Fig. 5. Frequency response of the sensor. 
2.2x10-4 V /m (0.22 mV/m) at 50 MHz and 7.9x10-5 V /m 
(0.079 mV /m) at 750 MHz. The sensitivity of the reported 
sensor was 1.4 mV /m [10], so the sensitivity of the sensor is 
improved more than 25 dB. 
The frequency response of the sensitivity was · measured 
using the TEM cell. For these measurements, an electric field 
was applied to the sensor from 100 Hz to 1 GHz, and the 
output level of the photodetector was measured by the level 
meter. The electric field strength was calculated from the 
output level and the dimensions of the TEM cell. The relation 
between the photodetector output level and the applied electric 
field strength was measured. The results is shown in Fig. 5 
where the plotted sensitivity is normalized to the value at 
100 Hz. The relative sensitivity is almost flat from 100 Hz 
to 300 MHz, and it goes up above 300 MHz. The maximum 
sensitivity is obtained at about 750 MHz. 
V. THEORETICAL ANALYSIS OF THE SENSOR
A. Theoretical Analysis
The sensitivity of the. i,ensor goes up above 300 MHz as
shown in Fig, 5: Since the frequency response of the optical 
modulator is almost flat from DC to 1 GHz [13], the frequency 
response is determined by the dipole element of the sensor and 
the contact lead between the dipole element and the electrode 
of the modulator. Therefore, the frequency response of the 
sensor was investigated by analyzing the equivalent circuit 
shown in Fig. 2. 
The dipole element of the sensor is equivalent to that of 
a dipole antenna. The effective length and the driving point 
impedance can be calculated by the method of moment [14], 
[15]. If the dipole element is divided into segments of length 
Az and the current on the element is expanded into a series 
of basis functions, the effective length and the driving point 
impedance are given by [12] 
M 
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Fig. 6. Calculated frequency response of the sensor. 
w:here In is the current in each segment, Mis a number of 
segments, and i'(M+l)/2 and IcM+l)/2 are respectively the 
segment voltage and current at the driving point of the dipole 
element. 
In this analysis, a piece-wise sinusoidal function - [15] was 
used as the basis functions, and In was calculated by mean 
of the method of moment [14]. Standard numerical integral 
formulas [15] were used in this calculation. 
The value of the input impedance of the optical modulator 
Cm, 4.5 pF, is obtained by measuring the capacitance between 
the electrodes at 1 kHz. 
B. Calculation and Results
The relation between the input voltage and optical mod­
ulator Ve and the electric field E was calculated based on 
the equivalent circuit in Fig. 2. Since the sensitivity of the 
optical modulator is almost flat from DC to 1 GHz [13], this 
calculation gives the frequency response of the sensor. The 
calculated results are shown in Fig. 6, where the inductance 
of the lead wire is changed from O to 200 nH. As shown in 
Fig. 6, the sensitivity of the sensor increases in proportion to 
the increase in inductance. On the other hand, the frequency 
at which sensitivity is the maximum decreases in proportion 
to the increase in inductance. 
When Lm is O nH, the sensitivity is also increased at 
1 GHz. This sensitivity increase is probably caused only by the 
increase in effective length. When Lm is larger than O nH, the 
sensitivity increase is caused by the resonance in the lead-wire 
inductance as well as the increase in the effective length. 
The Lm of 41 nH is obtained to fit the maximum sensitive 
frequency in Fig. 6 to the measured results shown in Fig. 5, 
and the calculated values are shown by the line in Fig. 5. 
The figure shows that the calculation results at Lm of 41 nH 
almost agree with the measurement values. This confirms that 
the frequency response of the sensor can be calculated from 
the equivalent circuit shown in Fig. 2 and that the sensitivity 
increase at 750 MHz is caused by the increase in the effective 
length and the resonance of the lead wire inductance. 
The relation between the sensor output level and the sensor 
element length was measured in a semi-anechoic chamber. A 
sensor was set 10 m away from the transmitting antenna, the 
electric field was generated by a signal generator with a power 
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Fig. 8. Cross-polarization of the sensor. 
amplifier and a transmitting antenna, and the polarization 
of both the transml.tting antenna and the sensor were set 
to vertical. The measurement results are shown in Fig. 7, 
where the solid line represents the values calculated using the 
equivalent circuit in Fig. 2, and the dots indicate measured 
values. The measured value· almost agree with the calculated 
values, and the output voltage of the sensor is proportional 
to the dipole element length. This means that the equivalent 
circuit in Fig. 2 is useful for explaining the properties of the 
sensor. 
The cross-polarization characteristics of the sensor were 
measured in a semi-anechoic chamber. The sensor was set on 
the antenna tower 10 m away from transmitting antenna, and 
the polarization of the sensor was tuned from 0° to 360° . The 
level deviation was then measure. The measurement results at 
100 MHz are shown in Fig. 8. The cross-polarization of a half­
wavelength dipole antenna was also measured for reference. 
Fig. 8 shows that the cross-polarization of the sensor is almost 
the same as that of the half-wavelength dipole antenna. This 
means that such properties of the sensor as cross polarization 
and directivity can be estimated by using the dipole antenna 
theory. 
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Fig. 9. Jmpulse response of the sensor. 
VI. IMPULSE RESPONSE 
The impulse response of the sensor was measured by using a 
900 mm by 300 mm by 300 mm TEM cell, whose bandwidth 
is tuned to 800 MHz by absorbers. A pulse generator was 
connected to the input terminal of the TEM cell, and an 
impulse electromagnetic field was generated in the TEM 
cell. The waveform of the pulse was estimated from the 
waveform measured at the output terminal of the TEM cell. 
The waveform measured by the sensor was calculated from 
the waveform at the photodetector and the transfer coefficient 
At derived from the data in Fig. 4. A digitizing oscilloscope 
was used to measure the impulse waveform. 
The results are shown in Fig. 9, where the dotted line 
represents the applied electromagnetic pulse and the solid line 
represents the measured values. An electromagnetic impulse 
with a width of 5 ns and a peak value of about 30 V /m 
was generated in the TEM cell. From Fig. 9, the measured 
waveform agrees closely with the applied waveform. This 
result means that an electromagnetic impulse whose width is 
wider than 5 ns and whose peak value is larger than 10 V /m 
can be measure_d by this sensor. 
VIL CONCLUSION 
A sensor using electrooptical crystal has been developed to 
support EMC studies such as the measurement of electromag­
netic pulses and the testing of EMC measurement facilities. 
The sensor sensitivity is improved by using a low driving­
power optical modulator with a half-wave voltage of about 
4 V, and by using a high power optical source consisting of 
a YAG laser pumped by a laser diode. The sensor operates at 
a wavelength of 1.3 µm, for which many optical components 
are being developed because this wavelength is typical for 
telecommunication systems. 
The sensor detected the minimum field strength of 
0.22 mV /m at 50 MHz and of 0.079 mV /m at 750 MHz. The 
frequency response of the sensor and the sensor element length 
dependence were calculated theoretically by considering the 
inductance due to the lead wire, and the calculated value 
agreed closely with the measured values. This sensor can 
measure an electromagnetic impulse whose width is wider than 
5 ns and whose peak value is larger than 10 V /m. 
This sensor has sufficient performance for use in EMC 
measurements. Future work will check the reproducibility and 
precision of measurements, and will improve the temperature 
stability of the optical bias. 
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